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We have studied in a well-characterized in vitro 
neuronal system, cultures of cerebellar granule cells, 
the toxicity of polyamines endogenously present in the 
brain: spermine, spermidine, and putrescine. Twenty- 
four-hour exposure of mature (8 days in vitro) cultures 
to 1-500 \xM spermine resulted in a dose-dependent 
death of granule cells, with the half-maximal effect 
being reached below 50 jxAf concentration. Putrescine 
was moderately toxic but only at 500 |xA/ concentra- 
tion. Spermidine was tested at 50 and 100 \xM concen- 
tration and its toxicity was evaluated to be about 50% 
that of spermine. Neuronal death caused by spermine 
occurred, at least in part, by apoptosis. Spermine 
toxicity was completely prevented by competitive (CGP 
39551) and noncompetitive (MK-801) antagonists of the 
NMDA receptor, but was unaffected by a non-NMDA 
antagonist (NBQX) or by antagonists of the polyamine 
site present on the NMDA receptor complex, such as 
ifenprodil. A partial protection from spermine toxicity 
was obtained through the simultaneous presence of 
free radical scavengers or through inhibition of the 
free radical-generating enzyme nitric oxide synthase, 
known to be partially effective against direct gluta- 
mate toxicity. The link between spermine toxicity and 
ghitamate was further strengthened by the fact that, 
under culture conditions in which glutamate toxicity 
was ineffective or much reduced, spermine toxicity 
w as absent or very much decreased. Exposure to sper- 
mine was accompanied by a progressive accumulation 
of glutamate in the medium of granule cell cultures. 
This was attributed to glutamate leaking out from 
dying or dead cells and was substantially prevented by 
the simultaneous presence of MK-801 or CGP 39551. 
The present results demonstrate that polyamines are 
toxic to granule cells in culture and that this toxicity is 
mediated through the NMDA receptor by interaction 
of exogenously added polyamines with endogenous 
glutamate released by neurons in the medium. The 
involvement of brain polyamines, in particular sper- 
mine and spermidine, in excitotoxic neuronal death is 
strongly supported by our present results, o 1097 Academic 

Press 



INTRODUCTION 

Brain polyamines play an important role in brain 
maturation, particularly concerning the regulation of 
cell proliferation during neurogenesis (3, 27, 55, 56). 
Accordingly, the activity of the key enzyme ornithine 
decarboxylase (ODC) and the levels of its product, 
putrescine, are high at early stages of brain develop- 
ment and dramatically decrease during neonatal life 
(55, 56). However, relatively high concentrations of 
spermidine and spermine, the two polyamines follow- 
ing putrescine in the biosynthetic pathway, are main- 
tained in the adult brain (52, 53, 56). An important 
aspect of the adult brain polyamine system is its 
response to neuropathological insults, when ODC is 
rapidly and transiently induced and putrescine levels 
increase soon thereafter (1, 4, 15, 16, 21, 31, 38, 41). 
Bringing together our knowledge on the developmental 
role of polyamines with that on injury response leads to 
somewhat intriguing and conflicting hypotheses. Poly- 
amines may cooperate in reparative efforts of the nerve 
tissue (1, 15) or play a direct role in neurodegenerative 
processes (11,31, 54, 58). 

The recent discovery of a spermidine-spermine- 
positive modulatory site on the TV-rnethyl-D-aspartate 
(NMDA) receptor subtype for glutamate (14, 43, 59) has 
generated great interest concerning its possible role in 
neuropathology related to an excessive stimulation of 
glutamate receptors, in particular, that of the NMDA 
subtype (39). In some paradigms of excitotoxic neuropa- 
thology, indeed, inhibition of ODC or blockade of the 
polyamine site on the NMDA receptor has been shown 
to be neuroprotective (5, 30, 36, 51, 57, 60). However, in 
cultures of cerebellar granule cells, inhibition of ODC 
was able to block the enzyme induction elicited by 
glutamate but unable to counteract glutamate excitotox- 
icity (33). Even more conflicting results stem from 
experiments in which the toxicity of polyamines was 
directly challenged and protection was sought through 
competitive or noncompetitive antagonists of the NMDA 
receptor. Dose-dependent neurotoxicity of spermine 
and spermidine in rat hippocampal slices was not 
counteracted by the NMDA channel blocker MK-801 or 
by the polyamine site antagonist ifenprodil (58). Intra- 
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striatal injections of spermine or spermidine in adult 
r ats resulted in a dose-dependent degeneration of stria- 
tal tissue and this neurotoxic effect was not arnelio- 
iatc-1 by systemic administration of MK-801 (6, 58) or 
i f an ifenprodihrelated molecule, SL-82.0715 (eliprodil; 
j8) In a subsequent study, however, striatal NMDA 
t oxicity in neonatal rats was found to be antagonized by 
intraparenchymal coadministration of both MK-801 or 
the polyamine inverse agonist 1, 10-diaininodecane (36). 
An intriguing recent paper (37) reports protection from 
intr ^striatal toxicity of spermine by intraparenchymal 
coadministration of either MK-801 or the non-NMDA 
receptor antagonist NBQX as well as by pretreatment 
with pentobarbital. In an in vitro model of cultured 
chick cortical neurons (23), spermine, but not spermi- 
diii'*. was toxic at very high doses and/or for extended 
exposure times and MK-801 was able to protect in at 
leaM one of the dose/time combinations tested. In 
cultures of hippocampal neurons, a short exposure to a 
very high concentration of spermine (1 mMfor 10 min) 
resulted in delayed toxicity 24 h later, which was 
prev ented by coexposure to MK-801 together with 
speimine but not by coexposure to ifenprodil (51). 
Noticeably, an equivalent exposure to spermine was 
fuund to be not toxic to cultures of cerebellar granule 
cells (33). 

The presence of these conflicting results and the 
interest related to the characterization of polyamine 
toxicity prompted us to a reappraisal carried out on 
cultures of cerebellar granule cells, an in vitro system 
very well characterized with respect to glutamate 
toxicity and its pharmacology 

MATERIALS AND METHODS 

Cell Cultures 

Primary cultures of rat cerebellar granule cells were 
prepared from 8-daydd pups (Wistar) of both sexes as 
cies i ibed previously (24, 45). Neurons dissociated from 
i erebella were plated at a density of 2.4 X 10 G cells/dish 
un i5-mrn plastic dishes coated with poly-r-lysine (10 
pg/ml) and grown in basal modified Eagle's medium 
(BMME) containing 10% heat-inactivated fetal calf 
siTiiin, 25 m/U KC1 (except when differently specified, 
see below), 2 mM glutamine and gentamicin (100 
pg/ml). Cultures were placed in a humidified incubator 
at 37°C under 95% air/5% C0 2 atmosphere until experi- 
ments were performed after 8 days in vitro (3 days in 
some experiments, see below). Glial proliferation was 
prevented by addition of 10 \iM cytosine arabino- 
f ur;ii loside as mitosis inhibitor, 16 h after plating. 

Cell Treatments and Viability Assay 

Cultures were washed in BMME and exposed in 
fresh serum-free medium to the various polyamines 



tested, alone or in the presence of other drugs for 24 h 
(4-24 h for the time-response curve and 16 h for 
shifting experiments, see below) under standard incuba- 
tion conditions until the viability assay was performed. 
For shifting experiments, cultures were switched, after 
8 days in vitro to serum-free BMME containing 5 mA7 
K + and kept under these conditions for 16 h. In a 
further group of experiments, cultures were prepared 
from the beginning in a complete medium, containing 
10 mA/ K + : these cultures were exposed to spermine 
(50 pA/) for 24 h in 10 mM K + -containing serum-free 
medium, after 8 days in culture. 

Cytotoxicity and protection were quantitatively moni- 
tored by measuring lactate dehydrogenase (LDH) re- 
leased by damaged cells, following a procedure similar 
to the one described previously (42). Four-hundred 
microliters, from 1 ml, of the medium was added to 2.4 
ml of substrate solution ((3-NADH 8 nig/ 100 ml; 14.4 
mg/100 ml Na-pyruvate in 2 mMTris-HCl, pH 7.4) and 
the absorbance at 340 nm was monitored every 20 s for 

2 min (LDH in A). LDH activity was calculated from the 
slope of the absorbance curve. The cells adherent to the 
dish were lysed, without previous washing, with 1 ml of 
0.1 M potassium phosphate buffer containing 0.5% 
Triton X-100, and 400 pi of the lysate was used to 
measure LDH activity (LDH in B). Cell mortality was 
assessed by the percentage of released LDH, which is 
directly proportional to the number of dead cells, 
according to the formula 

LDH in A 

% LDH release = , ^ . a _i_ i nu * u x 10 °- 
LDH in A + LDH m B 

In some cultures cell viability was visually monitored 
through a staining procedure (32) using fluorescein 
diacetate (FDA, 15 pg/ml). Briefly cell cultures wenn 
washed in Locke's buffer (154 mMNaCI; 5.6 mMKCI; 
3.6 mM NaHC0 3 ; 2.3 mM CaCI 2 ; 1.2 mMMgCl 2 ; 5 i> 
m A/ glucose; 5 mMHepes; pH 7.4) and then stained for 

3 min. After staining, the cultures were washed again 
in Locke's buffer and observed with a fluorescence 
microscope, equipped with a standard filter system. 
Viable cells appear bright green when observed under 
these conditions. Other cultures were fixed in 4% 
paraformaldehyde and stained with the nuclear stain 
Hoechst 33258. Part of the fixed cultures were used to 
reveal apoptotic cell death by specific in situ detection 
of fragmented DN A using a modification of the terminal 
transferase-mediated dUTP nick end labeling (TUNEL) 
method (25). After washing with PBS, cells were perme- 
abil ized for 2 min at 4°C with 0.1% Triton X- 1 00 in 0. 1 % 
sodium citrate, washed again in PBS, and incubated fur 
60 min at 37°C in a humidified chamber in the dark in a 
mixture containing the enzyme and fluorescein-Iabeled 
nuc leotide (in situ cell death detection kit, fluorescein, 
Boehringer). After being washed with PBS, dishes were 
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observed and photographed with the fluorescence micro- 
scope. 

Determination of Glutamate Content and Release of 
D-PH] Aspartate in the Medium 

Al ter 4, 8, 16, or 24 h of exposure to spermine alone or 
together with other drugs, aliquots of the medium were 
collected and centrifuged for 1 5 min at 1 1 ,000 rpm in an 
Eppendorf centrifuge. The samples were then analyzed 
hy HPLC (28) for the determination of amino acid 
lontent, using a precolumn derivatization procedure 
with O-phthaldialdehyde and a reverse-phase column, 
elution being performed with a linear gradient of 19 to 
80% methanol in acetate buffer (pH 6.8). To investigate 
whether a predamage release of glutamate could be 
directly stimulated by spermine, cultures at 8 days in 
vitro were incubated for 2 h with 1 pA//D-[ 3 H]aspartate 
(a nonmetabolized analog of glutamate which is taken 
up and released by glutamatergic neurons). The cul- 
tures were then washed three times with medium and 
incubated again in serum-free medium in the presence 
oi absence of 50 pM spermine. Samples (50 pi) of the 
medium were collected at various intervals between 1 
and 4 h and counted for radioactivity 

Statistical Analysis 

Statistical analysis of the results was carried on by 
using parametric methods, after having assessed the 
normal distribution of the data to be compared. Signifi- 
cant differences between the various experimental con- 
ditions were evaluated through the analysis of variance 
(one way ANOVA), followed by post hoc comparisons 
(Hot Terronfs test), or, when appropriate, through the 
Student f test. 

Chemicals 

Culture media and fetal calf serum were from Gibco. 
Spermine tetrahydrochloride, spermidine tetrahydro- 
ciiluride, putrescine dihydrochloride, poly-L-lysine, gen- 
tamicin, cytosine arabino-furanoside, ifenprodil, 
A-nitro-L-arginine (NARG), and butylated hydroxy an- 
isole (BHA) were purchased from Sigma Chemical Co. 
(St. Louis, MO); (+)-MK-801 hydrogen maleate, a po- 
tt m it blocker of the NMD A receptor-associated ionic 
i tunnel, and A^-methyl-D-aspartate were obtained from 
Uest-arch Biochemical International. CGP 39551, an 
effective competitive NMD A antagonist (49), was a 
generous gift from Ciba-Geigy (Switzerland). NBQX, a 
selective AMPA/kainate antagonist, was kindly sup- 
plied by Novo Nordisk (Denmark) and SL 82.0715 
(eliprodil), an antagonist of the polyamine site on the 
K M DA receptor, was supplied by Synthelabo (France). 
Drugs were dissolved in water (containing 1 M malic 
acid in the case of SL 82.0715) as concentrated solu- 
tions and diluted in the culture medium so that not 



more than 1% of solution or vehicle was added. Poly- 
amines were directly dissolved in the culture medium; 
the pH of the solutions was adjusted and the medium 
equilibrated in the incubator before use. 

RESULTS 

When, after 8 days in vitro, cultures of cerebellar 
granule cells were challenged with polyamines for 24 h, 
a substantial toxicity was displayed by spermine on the 
basis of LDH released from dead cells. An approxi- 
mately half-maximal toxicity was attained below 50 
pA/ spermine (the concentration causing 50% lethality, 
LC-so, was 34.9 pA/), while the effect of 100 \xM concen- 
tration was almost maximal (Fig. 1). On the contrary, 
putrescine showed only moderate toxicity even at very 
high (500 \xM) concentration (Fig. 1). The time course of 
50 ]\M spermine toxicity was followed at various inter- 
vals up to 24 h and showed an almost linear increase 
from 4 to 16 h with a small, but not significant further 
increase between 16 and 24 h (Fig. 1). 

Figures 2A and 2B demonstrate that a 24-h exposure 
to 50 pA/ spermine resulted in a large depletion of 
granule cells from the cultures compared to controls. 
When cultures wer e exposed to spermine together with 
the noncompetitive antagonist of the NMDA receptor 
MK-801 (5 \xM) there was protection of granule cells 
from death (Fig. 2C). An almost equivalent result was 
obtained using the competitive NMDA antagonist CGP 
39551 (50 \xhf) (Fig. 2D). Spermidine appeared some- 
what less potent than spermine: a large depletion of 
granule cells after a 24-h exposure was only obtained 
using 100 \iM spermidine, with 50 \\M spermidine 
being considerably less effective (not shown). Also the 
toxicity of 100 pA/ spermidine was effectively counter- 
acted by NMDA receptor antagonists (not shown). 
Hoechst stain showed that in spermine-treated cul- 
tures some cell nuclei were abnormally condensed 
compared to controls (Figs. 3A and 3B). Specific in situ 
labeling of DNA fragmentation by the TUNEL method 
revealed that a sizable proportion of granule neurons 
was killed by spermine through apoptosis (Figs. 3C 
and 3D). 

The protective effect of NMDA receptor antagonists 
was quantitatively confirmed by using LDH assay as a 
marker for spermine toxicity. As shown by Fig. 4, both 
5 pA/MK-801 and 50 pMCGP 3955 1 1 in the presence of 
50 \\M spermine, gave values of percentage of LDH 
released from dead cells not significantly different from 
controls, while an antagonist of non-NMDA receptor- 
subtypes, NBQX (50 \iM), did not change the spermine 
toxic effect. Spermine toxicity was not significantly 
counteracted by antagonists of the polyamine site 
present on the NMDA receptor (Fig. 4). Ifenprodil was 
ineffective at 10 and 50 pMconcentration, higher doses 
being toxic per se (not shown). A molecule of similar 
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FIG. 1. (A) Effect of spermine and putrescine on cerebellar 
granule cell mortality, evaluated through percentage of LDH release 
after incubation with increasing doses of polyarnines (1-500 \iM). 
After 8 days in vitro, cultures of cerebellar granule cells were exposed 
for 2-\ h to fresh serum-free medium containing the different concen- 
trations of polyarnines. Results are the mean ± SEM of 7-53 dishes 
from at least three different cultures. *P < 0.01 vs control condition; 
Bonferroni's test after AN OVA. (B) Effect of various times of exposure 
to 50 uMspermine on cerebellar granule cell mortality. After 8 days 
/,</ vitro, cultures of cerebellar granule cells wore exposed for 4-24 h to 
tresh serum-free medium containing 50 pA/ spermine Results are 
the mean ± SEM of 6-53 dishes from at least three different cultures. 
K P< 0.01 vs control condition: Bonferroni's tost after ANOVA. 



structure, SL 82.0715 (eliprodil), was also ineffective 
against spermine toxicity at 50 and 100 pM concentra- 
tion, with the latter dose being toxic per se (Fig. 4). 

Because it has been shown that in granule cell 
cultures the NMDA-mediated excitotoxic death can be 
partially counteracted through the use of free radical 
scavengers or by inhibiting free radical-generating 
riizvmes (12) we tested whether this could also apply to 
spermine-related toxicity. As shown in Fig. 5 the toxic 
effect of 50 \\M spermine was slightly antagonized by 
the inhibition of a free radical-generating enzyme, 



nitric oxide syntase (NOS) with NARG (100 \xM) but, 
more efficiently, by the use of two chain-breaking 
antioxidants: vitamin E (100 pM) and in particular 
BHA(lOOpA^). 

As the above findings suggested a link between 
spermine toxicity and glutarnate, a series of experi- 
ments was undertaken in order to substantiate this 
using immature cell cultures (3 days in vitro) in which 
excitotoxic sensitivity to glutarnate had not yet devel- 
oped or was strongly reduced by the culture conditions 
employed (45). When such immature cultures were 
exposed to glutarnate (50 \\M) or spermine (50 \xM) for 
24 h, no significant toxicity was apparent (%LDH: 
control, 10.4 ± 1.4; glutarnate, 17.8 ± 2.6; spermine, 
13.9 ± 2.0;/?= 6, differences not significant by ANOVA). 
Furthermore, in cultures grown for 8 days in a medium 
containing 10 niMK + , a condition which substantially 
prevents the development of sensitivity to glutarnate 
toxicity (45), exposure to 50 \\M spermine was only 
slightly toxic (%LDH: control, 15.8 ± 0.8; spermine, 
19.3 ± 0.6, n = 6). This was a mere 22% increase in 
percentage of LDH released versus 300% in the 25 mM 
K + condition (compare with Fig. 1). 

To further exploit the relationship between K + - 
maintained depolarization and spermine toxicity, cul- 
tures grown for 8 days in 25 mM K + -containing me- 
dium were shifted to 5 mMK + -containing medium and 
percentage of LDH released was measured 16 h later in 
order to minimize the apoptotic granule cell death due 
to shifting from high to low K + (13, 18). Under these 
conditions, no additional toxicity due to spermine expo- 
sure was measured over the granule cell mortality 
related to the change from trophic (depolarizing) to 
nontrophic (not depolarizing) conditions (Fig. 6). In- 
stead, the presence of spermine appeared to somewhat 
protect granule cells from death caused by the shifting. 

To additionally evaluate the role of excitatory amino 
acids in spermine toxicity, we measured the levels of 
glutarnate in the serum-free culture medium under 
different experimental conditions and over a time span 
langing from 4 to 24 h. Since no glutarnate is included 
in the basic composition of the medium used, the 
accumulation measured after different times from me- 
dium change obviously reflects the release from cells 
related either to physiological mechanisms and/or to 
bulk release from damaged or dead cells. The results 
indicated that exposure to spermine resulted in a 
progressive increase in glutarnate concentration in the 
culture medium and that this process was substan- 
tially prevented by coexposure to NMD A receptor an- 
tagonists (Fig. 7). Cultures at 8 days in vitro incubated 
for 2 h with 1 \\M D-PH]aspartate did not demonstrate 
significant differences in its release during the follow- 
ing 4 h, when exposed or not exposed to 50 p Mspermine 
(not shown). 
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FIG. 2. Effect of spermine on granule ceil viability and protection by NM DA -receptor antagonists. After 8 days in vifro, drugs were added 
in a small volume tu (he original serum-containing medium and dishes were stained with I' 7 DA and photographed 24 h later. (A) Control: (Bl 
:>() pA/spermine; (C) 50 pA/spermine plus 5 pA/MK-801; (D) 50 pA/spermine plus 50 pA/CCP 3955 1 . Bar, 30 pm. 



DISCUSSION 

In the present report we have shown that in a 
well-characterized in vitro culture system of neuronal 
cells, spermine, and to a lesser extent spermidine, is 
neurotoxic. We have also demonstrated that this neuro- 
toxicity involves glutamate and can be blocked by 
antagonists to the NMDA receptor subtype. Further- 
more, apoptosis contributed to neuronal death under 
these conditions. 

From the present study, grcinule cells in culture 
appeared noticeably sensitive to spermine toxicity. In 
the only previous study in which nerve cells in culture 
were chronically exposed to spermine (23), chick fore- 
brain neurons were much less sensitive, with a signifi- 
cant neurotoxic effect being attained only after a 24-h 
exposure to 500 pA/ spermine. On the other hand, 
previous data showing spermine toxicity in hippocam- 
pal neurons (51) or no toxicity in cerebellar granule 
cells (33) are not directly comparable with the present 



results since they were obtained through short (1 0 or 1 5 
min) exposure to very high (up to 1 mA/) concentrations 
of spermine in the presence (5 1) or in the absence (33) of 
physiological concentrations of Mg 2+ . 

Our present results demonstrate a link between 
polyamine neurotoxicity and glutamate acting at the 
NMDA receptor, since competitive and noncompetitive 
antagonists of the NMDA receptor, CGP 39551 and 
MK-801, were able to counteract spermine and spermi- 
dine toxicity. Additional indirect evidence linking sper- 
mine toxicity to glutamate comes from our results 
demonstrating that spermine toxicity is not effective or 
is very much reduced when granule cells have not yet 
acquired a full excitotoxic sensitivity to glutamate. 
Finally, a partial protection was obtained by adding 
free radical scavengers or by inhibiting NOS, similarly 
to that obtained against excitotoxicity directly medi- 
ated by glutamate (12). 

Previous results (17, 24), as well as our present data, 
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FIG. 3. Hoechst stain ol a control culture after 8 days in vitro (A) and after a 16-h exposure to 50 pA/ spermine (B). Arrows point to 
i ondensed nuclei. In situ labeling ot apoptotic cells through TUNEL method after a 16-h exposure to 50 pA/ spermine (C. D). Bar: A and B. 
15 pm: C and D. 20 pm. 



show that glutamate is slowly accumulated in the 
medium of cultured granule cells until a steady concen- 
tration is reached, depending on the balance between 
r elease and uptake of the transmitter. The increase in 
glutamate accumulation in the medium of cultures 
exposed to spermine could have been attributed to a 
direct action favoring release and/or inhibiting uptake. 
The first possibility is excluded by our data which show 
no increase of the release of exogenously accumulated 
l>[ 3 H]aspartate during the first hours of culture expo- 
sure to spermine. Concerning the second possibility 
there are to our knowledge no data in the literature 
supporting it. It seems, therefore, reasonable to con- 
clude that the toxic effect of spermine relies on its 
interaction with glutamate spontaneously released by 
cells in the medium. Previous research (33) demon- 
strated that exposure of granule cells in cultures to 
nontoxic doses of glutamate were made neurotoxic by 
the simultaneous addition of spermine to the medium. 
In our system, once the process of neural damage is 
i riggered by the simultaneous presence of endog- 
enously released glutamate and exogenously added 
spermine, it may go on in a cooperative way, with the 
increasing glutamate accumulation being due to gluta- 
mate leaking out from dying or dead cells. 



The scenario derived from this in vitro system may be 
relevant to our understanding of similar processes in 
vivo and may explain why, under certain circum- 
stances, polyamines contribute to neural damage (39). 
A toxic in vivo action of spermidine and spermine after 
icv administration was first demonstrated by Anderson 
(2). In replicating his experiments, we have addition- 
ally noticed that toxicity of icv-injected spermidine was 
significantly decreased by simultaneous administra- 
tion of MK-801 (unpublished observations). It may be 
questioned whether the doses of polyamines found to be 
toxic in vitro approach concentrations occurring in vivo 
under pathological circumstances. The sum of the 
concentrations of spermidine and spermine in the brain 
is in the high micromolar range (52, 55). While this 
relatively high concentration largely reflects intracellu- 
lar stores of polyamines, there is much evidence suggest- 
ing that a relevant release does occur under excitatory 
and excitotoxic conditions (10, 22, 26, 40). It is, there- 
fore, conceivable that extracellular levels of toxic poly- 
amines may reach concentrations that, when interact- 
ing with tiie NMDA receptor, contribute to the 
development of neur opathology. 

Having established the link between spermine neuro- 
toxicity and glutamate acting through the NMDA recep- 
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FIG, 4. Effect on spermine toxicity of two diflerent NMDA-receptor 
antagonists (MK-801, CGP 39551). one non-NMDA receptor antagonist 
fNRQX) and two polyamine site antagonists (ifenprodil. SL 82.0715). 
After 8 days in viuv, cultures of cerebellar granule tells were exposed for 
J4 ]i to fresh serum-free medium containing 50 p A/ spermine alone or 
together with the different drugs tested. Results *nv the mean ± SEM of 
10-53 dishes from at least four different cultures *P< 0.01 vs control 
condition; #P< 0.01 vs 50 pvW spermine; BonfeiTonf s test after AN OVA. 



tor, the likely mechanism of interaction between sper- 
mine and the receptor itself responsible for neurotoxicity 
remains to be discussed. The most obvious reason, i.e., 
the positive modulation exerted through the ifenprodil- 
sensitive spermine-spermidine site present in the 
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FIG, 5. Effect on spermine toxicity of a NUS inhibitor (NARG) 
and two chain-breaking antioxidants (vitamin E and BHA). After 8 
days in vitro, cultures of cerebellar granule cells were exposed for 24 
h to fresh serum-free medium containing 50 uA/ spermine alone or 
toget her with the different drugs tested. Results are the mean i SEM 
of 14-53 dishes from at least four different cultures. *P < 0.01 vs 
control; #P< 0.05 vs spermine alone; ##P< 0.01 vs spermine alone; 
BoufVrroni's test after ANOVA. 
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FIG. 6. Eflei l ol spermine on cultures shifted from trophic to 
nontrophic conditions. Alter 8 days ol culture in 25 n\M K + - 
containing medium, cells were shifted lor 16 h to serum-free fresh 
medium with either 25 mA/K + or 5 mA/K* containing or not 50 pA/ 
spermine. Results are the mean ± SEM of 12-13 dishes from three 
different cultures */ J < 0.01 vs control: #/ ? < 0 05 vs shifted condition 
without spermine; Bonferroni's test after ANOVA. 



NMDA receptor (5, 9, 47, 50), can be excluded since 
potent antagonists of this site, such as ifenprodil and 
SL 82.0715, were unable to counteract spermine toxic- 
ity in granule neurons in culture. This negative result 
correlates well with the fact that the NR2B subunit of 
the NMDA receptor, which binds spermine and related 
molecules (61), is downregulated in mature granule 
cells in culture (46). The toxicity of high doses of 
antagonists of the polyamine site on the NMDA recep- 
tor may be a side effect peculiar to cerebellar granule 
neurons. It should, however, be taken into consider- 
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FIG. 7. Levels of glutamate in the culture medium at different 
times after exposure to fresh serum-free medium containing 50 p A/ 
spermine alone or together with 5 pMMK-80l or 50 pA7CGP 3955 l 
(not determined after 8 h). Bars are the mean ± SEM of three to six 
experiments. */ J < O.05, **/ J < 0.0 1 vs 50 pA/ spermine: Student s i 
test. 
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citiun when proposing the potential use of these and 
related drugs in preventing neurodegeneration (9). 

Polyamines may interact with the NMDA receptor 
through different sites (7,35,44, 47, 48). A finding that 
i nay be relevant to understanding the present results is 
ihe reported competition between polyamines and Mg L '" 
for binding site(s) on the NMDA receptor (7, 48). While 
granule cells in culture are kept under conditions of 
partial depolarization, Mg^ block of the NMDA recep- 
tor is likely to be effective to a significant extent 
(otherwise granule cells would be killed by glutarnate 
produced and released in the medium by themselves). 
In addition to the above-mentioned interactions of 
polyamines with the NMDA receptor, negative interac- 
tions leading to functional inhibition, or to activation/ 
inhibition depending on concentration, have been re- 
ported (35, 44, 47). Further interactions of polyamines 
with non-NMDA receptor channels as well as with 
some subtypes of potassium channels have recently 
been reported (8, 19, 20, 29, 34); these may play an 
additional role in polyamine toxicity. When the full 
extent of the involvement of polyamines in brain func- 
tion is more completely understood, the role of these 
intriguing molecules in brain pathology will be better 
appreciated. 
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